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Abstrat. Thermal radio and X-ray emission has been traditionally
assoiated with the formation of stars. However, in reent years, non-
thermal radiation from massive star forming regions has been deteted.
Synhrotron radio emission and non-thermal X-rays from the outows
of massive young stellar objets (YSOs) provide evidene of the presene
of relativisti partiles in these soures. In YSOs, the aeleration of par-
tiles is likely produed where the thermal jet impats on the surrounding
medium and a shok wave is formed. Thus, partiles might be aelerated
up to relativisti energies through a Fermi-I type mehanism.
Relativisti eletrons and protons an interat with thermal partiles
and photons, produing then γ-rays. These energeti photons ould be
deteted by the new generation of instruments, making massive YSOs a
new population of γ-ray sures.
In the present ontribution we briey desribe some massive star
forming regions from whih non-thermal radio emission has been deteted.
In addition, we present a general model for high-energy radiation from the
massive YSOs embedded in these regions. We take into aount both lep-
toni and hadroni interations of partiles aelerated at the termination
points of the ollimated outows ejeted from the protostar.
1. Introdution
The mehanism of formation of massive stars (M > 8M⊙) remains one of the
open questions in astrophysis. Massive stars appear in massive star assoiations
where loud fragmentation seems to be ommon. It is known that these stars
originate inside giant and massive moleular louds but the sequene of proesses
that take plae during the formation of the star are mostly unknown. It has
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been suggested, for example, that the oalesene of various protostars in the
same loud an lead to the emergene of a massive star (Bonnell et al. 1998).
Alternatively, a massive star ould form by the ollapse of the ore of a moleular
loud, with assoiated episodes of mass aretion and ejetion, as observed in
low-mass stars (Shu et al. 1987). In suh a ase, the eets of jets propagating
through the medium that surrounds the protostar should be detetable.
Until now, the formation of stars has been mostly assoiated with ther-
mal radio and X-ray emission. However, non-thermal radio emission has been
deteted in some massive star forming regions. This is a lear evidene that e-
ient partile aeleration is ourring there, whih may have as well a radiative
outome at energies muh higher than radio ones.
In the present ontribution, based on reent multiwavelength observations
and reasonable physial assumptions, we show that massive protostars ould
produe a signiant amount of radiation in the gamma-ray domain, beause of
the dense and rih medium in whih they are formed.
2. Non-thermal radio soures
In reent years, synhrotron radiation has been observed from some regions where
massive stars form. This emission is assoiated with outows emanating from a
entral protostar. In what follows, we briey desribe some of these non-thermal
radio soures that ould be potential emitters of gamma-rays.
2.1. IRAS 16547−4247
The triple radio soure assoiated with the protostar IRAS 16547−4247 is one
of the best andidates to produe gamma-rays. This system is loated within
a very dense region (i.e. densities n ≈ 5 × 105 m−3) of a giant moleular
loud loated at a distane of 2.9 kp. The luminosity of the IRAS soure is
L = 6.2× 104L⊙, possibly being the most luminous known YSO assoiated with
ollimated thermal jets.
ATCA and VLA observations (Garay et al. 2003, Rodríguez et al. 2005)
have shown that the southern lobe of this system, of size ∼ 1016 m, has a
lear non-thermal spetrum, with an index α ∼ 0.6 (Sν ∝ ν
−α
). The spei
ux of this soure is 2 mJy at 14.9 GHz and the estimated magneti eld is
B ∼ 2× 10−3 G (Araudo et al. 2007).
2.2. Serpens
The Serpens moleular loud is loated at a distane of ∼ 300 p. One of the two
entral dense ores of this loud is a triple radio soure, omposed by a entral
protostar (IRAS 18273−0113) and two lobes. The northwest (NW) hot-spot is
onneted with the entral soure by a highly ollimated thermal jet, whereas
the southeast (SE) is separated and broken into two lumps. The luminosity of
the soure IRAS 18273−0113 is L ∼ 300L⊙ and the partile density at the enter
of the moleular loud is n0 ∼ 10
5
m
−3
.
The observed radio emission (Rodríguez et al. 1989, Curiel et al. 1993)
deteted from the entral and NW soures has a spetral index α ≈ −0.15 and
α ≈ 0.05, respetively. This emission, of a luminosity ∼ 2 − 3 mJy, is produed
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via thermal Bremsstrahlung. However, the radiation produed in the SE lobe
seems to be non-thermal (α = 0.3), likely produed via synhrotron emission.
The spei ux of this soure is 2 − 5 mJy. The equipartition magneti eld
estimated in the SE lobe is Bequip ∼ 10
−3
G (Rodríguez et al. 1989).
2.3. HH 80-81
The famous Herbig-Haro objets alled HH 80−81 are the south omponent
of a system of radio soures loated in the Sagitarius region, at a distane of
1.7 kp. The entral soure has been identied with the luminous (L = 1.7 ×
104L⊙) protostar IRAS 18162−2048. HH 80 North is the northern ounterpart
of HH 80−81. The veloity of the jet has been estimated as v ∼ 700 km s−1,
allowing to derive a dynamial age for the system similar to 4000 yr.
Radio observations arried out with the VLA instrument (Martí et al. 1993)
showed that the entral soure has a spetral index α ∼ 0.1, typial of free-free
emission, whereas HH 80−81 and HH 80 North are likely non-thermal soures,
with spetral index α ∼ 0.3. The spei ux measured at a freueny of 5 GHz
is Fν ∼ 1 − 2 mJy and Fν ≈ 2.4 mJy for the soures HH 80−81 and HH 80
North, respetively. At this freueny, the angular size of the north and the
south omponents are ∼ 6′′.
In addition, the HH 80−81 system is a soure of thermal X-rays with a
luminosity LX ∼ 4.3× 10
31
erg s
−1
(Pravdo et al. 2004).
2.4. W3(OH)
Another interesting soure to study is the system omposed by an H2O maser
omplex and the Turner-Welh (TW) soure in the W3 region (Wilner et al.
1999). The entral soure of this system is a very luminous (L ∼ 105L⊙) YSO
and the mean density of ool partiles is n ∼ 4 × 104 m−3. The distane to
W3(OH) is 2.2 kp.
Continuum radio observations (Wilner et al. 1999) show the presene of a
sinuous double-sided jet, emanating from the TW soure. The observed radio
ux, from 1.6 to 15 GHz, is in the range 2.5-0.75 mJy, and the spetral index
of the observed emission is learly non-thermal: α = 0.6. The inhomogeneous
synhrotron model proposed by Reid et al. (1995) predits for the emitting
jet a density of relativisti eletrons ne(γ, r) = 0.068γ
−2(r/r0)
−1.6
m
−3
and a
magneti eld B(r) = 0.01(r/r0)
−0.8
G, where r0 = 6.6 × 10
15
m, and r and γ
are the distane to the jet origin and the eletron Lorentz fator, respetively.
Unlike in the previous ases, here the non-thermal radio emission omes from
the jet and not from its termination region. Non-thermal jets assoiated with a
YSO are unommon.
3. Aeleration of partiles and losses
The non-thermal radio emission observed in some massive star forming regions
is interpreted as synhrotron radiation produed by the interation of relativisti
eletrons with the magneti eld present in the loud, being typially Bcloud ∼
10−3 G (Cruther 1999). These partiles ould be aelerated at a shok, formed
in the point where the jet terminates, via diusive shok aeleration (Drury
4 A. T. Araudo et al.
-15
-10
-5
0
4 6 8 10 12 14
lo
g(t
-
1  
[s-
1 ])
log(E [eV])
B=2.5×10-3 G
acceleration rate
Bremsstrahlung
synchrotron
IC
Figure 1. Energy loss and aeleration rates for eletrons in the
IRAS 16547−4247 southern lobe.
1983). The aeleration eieny, haraterized by η, is related to the veloity
of the shok. Using the values of the veloities given for the soures desribed in
the previous setion, and assuming Bohm diusion, values for η of ∼ 10−6−10−5
are obtained.
Partiles aelerated up to relativisti energies interat with the dierent
elds present in the medium. As noted at the beginning of this setion, eletrons
radiate synhrotron emission under the ambient magneti eld B. In addition,
partiles, eletrons and protons, an also interat with the old matter in the
jet termination region (via relativisti Bremsstrahlung the leptons, and inellasti
proton-nulei ollisions the protons). In addition, eletrons interat with the
bakground eld of IR photons of the protostar, of energy density uph, through
inverse Compton (IC) sattering.
Using the following parameter values: n = 5 × 105 m−3; B = 2.5 − 3 ×
10−3 G; and uph = 3.2 × 10
−9
erg m
−3
given for IRAS 16547−4247 (Garay et
al. 2003, Araudo et al. 2007), we estimate the ooling time of the main lep-
toni proesses in this senario. As seen in Figure 1, relativisti Bremsstrahlung
losses are dominant up to ∼ 10 GeV. In addition, it is possible to see from this
gure that the maximum energy ahieved by eletrons is Emaxe ∼ 4 TeV and is
determined by synhrotron losses, being IC losses negligible.
Protons an be aelerated by the shok in the same way as eletrons and
interat with old partiles present in the loud. The maximum energy ahieved
by protons is higher, Emaxp ∼ 10
2
TeV, and determined by the size of the aeler-
ation region. In pp interations, besides γ-rays, seondary eletron-positron pairs
are produed. The maximun energies of these leptons is Emax
e±
∼ 10 TeV. These
seondary partiles will radiate by the same mehanisms as primary eletrons
(i.e. synhrotron radiation, IC sattering and relativisti Bremsstrahlung).
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4. High-energy emission
In order to alulate the non-thermal spetral energy distribution (SED) of a
massive protostar, the magneti eld of the loud and the distributions of rel-
ativisti partiles, n(E), are needed. To obtain the magneti eld B and the
normalization onstants of the partile distributions, we use the standard equa-
tions given by Ginzburg & Syrovatskii (1964) for the observed synhrotron ux
and assume equipatition between the magneti and the relativisti partile en-
ergy densities:
B2
8pi
= ue + up + ue± , (1)
where ue , up and ue± are the energy density of relativisti eletrons, protons and
seondary pairs, respetively. In Eq. (1), the following relationships are impliit:
up = a ue and ue± = f up. The onstant a is a free parameter of the model, that
haraterizes how muh energy goes to the dierent types of aelerated partiles
and f an be estimated using the average ratio of the number of seondary pairs
to pi0-deay photons as in Kelner et al. (2006).
In Figs. 2 and 3, we show the omputed broadband SEDs for the parameters
of the soure IRAS 16547−4247, in the ases with a = 1 (equipartition between
protons and eletrons) and a = 100 (larger aeleration eieny in protons
than in eletrons). As seen from these gures, in the former ase the leptoni
emission is dominated by the primary eletron population and in the latter by
the seondary pairs. The typial lepton luminosities are Le ∼ 10
32
erg s
−1
.
Regarding the hadroni emission, the luminosity produed by pi0-deay is higher
in the ase a = 100, reahing a value of Lpp ∼ 5× 10
32
erg s
−1
.
5. Disussion
In this work we show that, if the soure is loated at few kp, the high-energy
emission may be deteted by GLAST and even by forthoming Cherenkov tele-
sope arrays after long enough exposure. This opens a new window to the study
of star formation and related proesses. Also, determinations of the partile
spetrum and its high-energy for dierent soures with a variety of environmen-
tal onditions an shed light on the properties of galati supersoni outows,
and on the partile aeleration proesses ourring at their termination points.
Radio observations already demonstrate that relativisti eletrons are pro-
dued in some soures. Aording to the presene of non-thermal emission de-
teted at m-wavelengths and IR observations of the protostar emission we an
suggest several good andidates to be targeted by GLAST. These objets are
IRAS 16547−4247 (Araudo et al. 2007), the multiple radio soure in Serpens
(Rodríguez et al. 1989, Curiel et al. 1993), HH 80−81 (Martí et al 1993) and
W3 (Reid et al. 1995, Wilner et al. 1999).
To onlude, we emphasize that massive YSO with bipolar outows and
non-thermal radio emission an form a new population of gamma-ray soures
that ould be unveiled by the next generation of γ-ray instruments.
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Figure 2. Spetral energy distribution for the south lobe of the YSO
embedded in the soure IRAS 16547−4247, for the ase a = 1. The
radiative ontribution of seondary pairs (2) produed via pi±-deay is
shown along with the ontribution of primary eletrons (1).
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Figure 3. The same as in Fig. 2, but for the ase a = 100.
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